Prior to the midblastula transition (MBT), Xenopus laevis embryos do not engage cell cycle checkpoints, although overexpression of the kinase XChk1 arrests cell divisions. At the MBT, XChk1 transiently activates and promotes cell cycle lengthening. In this study, endogenous XChk1 was inhibited by the expression of dominant-negative XChk1 (DN-XChk1). Development appeared normal until the early gastrula stage, when cells lost attachments and chromatin condensed. TUNEL and caspase assays indicated these embryos died by apoptosis during gastrulation. Embryos with unreplicated DNA likewise died by apoptosis. Embryos expressing DN-XChk1 proceeded through additional rapid rounds of DNA replication but initiated zygotic transcription on schedule. Therefore, XChk1 is essential in the early Xenopus embryo for cell cycle remodeling and for survival after the MBT. q
Introduction
Early embryonic cell cycles of Xenopus laevis provide rare examples of non-pathological cell divisions that lack cell cycle checkpoints. Prior to the midblastula transition (MBT), cell divisions are rapid and synchronous (Newport and Kirschner, 1982) , driven by oscillations in cyclindependent kinase (Cdk) activity due to the synthesis and degradation of mitotic cyclins (Hartley et al., 1996; Murray and Kirschner, 1989) . Pre-MBT Xenopus embryos do not arrest cleavage cell divisions when treated with aphidicolin, an inhibitor of DNA polymerase a, but rather, continue development with unreplicated DNA (Newport and Dasso, 1989) . However, these embryos fail to gastrulate and reportedly die by apoptosis (Hensey and Gautier, 1997) .
The twelfth division marks the MBT where zygotic transcription initiates and cells become motile (Newport and Kirschner, 1982) . The MBT delineates a period of extensive cell cycle remodeling (Frederick and Andrews, 1994) characterized by cell cycle lengthening and the loss of synchronous divisions (Newport and Kirschner, 1982) . At the molecular level, maternally provided cyclin mRNAs are degraded (Hartley et al., 1996 (Hartley et al., , 1997 Howe et al., 1995; Howe and Newport, 1996; Rempel et al., 1995) and their zygotic counterparts are synthesized (Howe et al., 1995) . As embryos reach the MBT, checkpoint pathways become partially functional, and thus cell cycles are lengthened when DNA replication is blocked (Clute and Masui, 1997; Hartley et al., 1997; Kimelman et al., 1987) .
The MBT also marks a period when embryos become particularly susceptible to apoptosis. Embryonic cells with DNA damage Hensey and Gautier, 1997) , compromised protein synthesis (Hensey and Gautier, 1997; Sible et al., 1997; Stack and Newport, 1997) , altered methylation (Kai et al., 2000; Stancheva et al., 2001) or blocked transcription (Hensey and Gautier, 1997; Sible et al., 1997; Stack and Newport, 1997) prior to the MBT engage a maternally regulated default program of apoptosis by the early gastrula transition (EGT) (Stack and Newport, 1997) . These results suggest that survival beyond the MBT depends upon embryonic synthesis of an antiapoptotic factor. However, no such factor has been identified. After the MBT, embryos become resistant to apoptosis Hensey and Gautier, 1997) , indicating sufficient anti-apoptotic factor has accumulated.
To further our understanding of the molecular mechanism of checkpoint response during embryonic cell cycles, we have examined Xenopus Chk1 (XChk1) checkpoint kinase signaling (Kappas et al., 2000) . XChk1 functions within a biochemical pathway that inhibits cyclin-Cdk complexes. During somatic cell cycles and in frog egg extracts, the G2 cell cycle checkpoint is engaged in response to unreplicated DNA. When DNA replication is blocked, ATR kinase phosphorylates and activates XChk1 (Guo et al., 2000; Hekmat-Nejad et al., 2000) which, in turn, phosphorylates Cdc25C phosphatase, facilitating its binding to the 14-3-3 cytoskeletal protein and sequestration in the cytosol (Kumagai et al., 1998a) . Thus, Cdc25C cannot enter the nucleus to remove inhibitory phosphates from threonine 14 and tyrosine 15 of Cdc2, the mitotic Cdk (Kumagai et al., 1998b) . XChk1 also phosphorylates and activates the opposing kinase Wee1 (Lee et al., 2001) . Inhibition of Cdc25C and activation of Wee1 by XChk1 renders Cdc2 inactive, preventing cell cycle progression into mitosis.
In the Xenopus embryo, the XChk1 pathway is intact but not functional before the MBT. XChk1 protein level remains relatively constant from egg through tadpole stage (Kappas et al., 2000; Nakajo et al., 1999) , and overexpression of XChk1 induces tyrosine phosphorylation of Cdc2 and Cdk2, causing cell cycle arrest (Kappas et al., 2000) . However, XChk1 does not become activated by phosphorylation in response to a DNA replication block until the embryo reaches the MBT content of DNA (Kappas et al., 2000) . A recent study demonstrated that XChk1 is transiently activated at the MBT, and XChk1 function is required for the timely degradation of Cdc25A and for lengthening of embryonic cell cycles (Shimuta et al., 2002) . In this study, we examine the developmental fate of embryos lacking XChk1 with respect to several events of the MBT: the apoptotic checkpoint, the onset of zygotic transcription and remodeling of the cell cycle.
Results

Embryos expressing DN-XChk1 develop normally until the EGT
To determine whether XChk1 is required for early development in the Xenopus embryo, RNA encoding a FLAG-tagged catalytically inactive, dominant-negative XChk1 (DN-XChk1) protein with asparagine 135 mutationally altered to alanine (Kappas et al., 2000) was synthesized and injected into embryos at the one-cell stage. Control embryos were injected with equal amounts of mRNA encoding a FLAG-tagged luciferase protein.
Embryos injected with DN-XChk1 mRNA developed normally until the MBT (5 h post-fertilization (pf)), with no indication of altered timing of cell divisions (Fig. 1A, top) , consistent with the observations of Shimuta et al. (2002) . At the EGT (9 h pf), embryos expressing DN-XChk1 still appeared relatively normal (Fig. 1A, middle) , but soon cells began to lose attachments and burst through the blastocoel (Fig. 1A, bottom) . By the time the control embryos had completed gastrulation, . 90% of the embryos expressing DN-XChk1 had detached cells filling the cavity of the vitelline membrane (Fig. 1B) (Shimuta et al., 2002) . Control embryos developed normally despite expression of a similar level of FLAG-tagged protein (Fig. 1C) . The level of exogenous DN-XChk1 was several-fold higher than the level of endogenous XChk1 (Fig. 1D) , consistent with a dominant-negative effect.
Although gross morphology and rate of cell division of embryos injected with DN-XChk1 appears normal prior to the EGT ( Fig. 1) (Shimuta et al., 2002) , it is possible that nuclear events (DNA replication and mitosis) are perturbed, since embryos continue cleavage divisions before the MBT even in the presence of damaged or unreplicated DNA (Newport and Dasso, 1989) . To determine whether nuclear morphology was altered in embryos expressing DN-XChk1, embryos were microinjected with luciferase or DN-XChk1 mRNA at the one-cell stage. For comparison, embryos were treated at 3 h pf with aphidicolin, which is known to perturb DNA replication. Embryos were fixed at the indicated times, then sectioned and stained with DAPI, and nuclear morphology was examined microscopically (Fig. 2) . Luciferase mRNAinjected embryos collected at the MBT (6 h pf) demonstrated mostly interphase nuclei with occasional mitotic figures ( Fig. 2A, arrow) . The nuclei in embryos expressing DN-XChk1 appeared normal, indistinguishable in morphology and density from nuclei in embryos expressing luciferase at 6 h pf. In contrast, embryos incubated in aphidicolin and collected at 6 h possessed many abnormal nuclei with lacy chromatin ( Fig. 2A, asterisks) , particularly in cells on the surface of the embryo, which had greatest access to aphidicolin. Therefore, aphidicolin but not DNXChk1 induces nuclear abnormalities by the MBT detectable by light microscopy of sectioned embryos. If DNXChk1 does induce nuclear abnormalities, then these occur below the threshold of detection of this assay and are morphologically distinct from the damage induced by aphidicolin.
Embryos were also fixed . 12 h pf, after controls had gastrulated and embryos treated with aphidicolin or expressing DN-XChk1 appeared abnormal (Fig. 2B ). At this time, DN-XChk1-expressing embryos contained fragmented nuclei with foci of condensed chromatin (arrowheads). Aphidicolin-treated embryos possessed lacy, abnormal nuclei similar to embryos collected at 6 h. At this time, the abnormal phenotype of aphidicolin-treated embryos penetrated further into the embryo.
Inhibition of XChk1 results in apoptosis
Embryos expressing DN-XChk1 demonstrated loss of cellular attachments ( Fig. 1 ) and condensation of chromatin ( Fig. 2) at the EGT, morphologic changes detected in embryos that undergo apoptosis in response to damaged DNA Hensey and Gautier, 1997) , blocked transcription (Hensey and Gautier, 1997; Sible et al., 1997) or inhibited protein synthesis (Hensey and Gautier, 1997; Sible et al., 1997; Stack and Newport, 1997) . To determine whether loss of XChk1 function also triggers apoptosis, embryos expressing luciferase or DN-XChk1 Fig. 2 . DN-XChk1 induces chromatin condensation after the MBT. Embryos were injected with luciferase or DN-XChk1 mRNA or incubated in aphidicolin at 3 h pf and fixed at 6 (A) or .12 (B) h pf, sectioned, stained with DAPI and photographed under fluorescence microscopy. arrow, mitotic figure; arrowheads, condensed chromatin; asterisks, lacy chromatin; scale bar, 25 mm.
were analyzed by whole-mount TUNEL assays for the double-stranded breaks characteristic of apoptotic cells (Fig. 3A) . In embryos collected when controls were gastrulating, there were very few TUNEL-positive cells in all of the embryos expressing luciferase, whereas 80 -100% of the embryos expressing DN-XChk1 were TUNELpositive. In particular, cells that had lost attachments (Fig.  1A ,B) demonstrated strong, positive TUNEL reactions. To verify apoptosis by a biochemical assay, caspase activity was measured in these embryos by incubation of embryo extracts with the caspase substrate PARP. Cleavage of PARP by caspases was detected by immunoblotting the extracts with an antibody against PARP (Fig. 3B) . These assays detected cleavage of PARP in extracts from embryos expressing DNXChk1, but not luciferase. Caspase activity was first detected between 9 and 11 h pf, correlating with gastrulation in control embryos. Therefore, inhibition of endogenous XChk1 is sufficient to induce a program of apoptosis after the MBT in Xenopus embryos.
A block to DNA replication also induces apoptosis
Because of the severe nuclear abnormalities (Fig. 2 ) detected in aphidicolin-treated embryos, we also tested aphidicolin-treated embryos for apoptosis by TUNEL and caspase assays. Embryos treated with aphidicolin at the MBT (Fig. 4) or anytime before the MBT (data not shown) develop with a slight delay in interdivision time, but otherwise appear normal through the MBT (Fig. 4A) . However, like embryos expressing DN-XChk1, aphidicolintreated embryos lost cellular attachments when controls began gastrulating. These embryos demonstrated an increase in TUNEL-positive cells (Fig. 4B) , although the signal was generally lower than in DN-XChk1 embryos, probably due to reduced DNA content. Strong caspase activity was also detected in aphidicolin-treated embryos (Fig. 4C) . Therefore, a block to DNA replication before or during the MBT also induces apoptosis at the EGT, in agreement with reports of Hensey and Gautier (1997) .
2.4. Embryos expressing DN-XChk1 replicate DNA normally until the MBT then undergo several additional rapid rounds of DNA replication Expression of DN-XChk1 and treatment with aphidicolin both induced apoptosis with similar timing and gross morphologic changes (compare Figs. 1 and 3 to Fig. 4) . To examine the possibility that like aphidicolin, loss of XChk1 likewise perturbed DNA replication prior to the MBT, embryos injected with luciferase or DN-XChk1 mRNA were loaded with [ 3 H]thymidine, genomic DNA was isolated, and the incorporation of 3 H into DNA was measured. These studies indicate that incorporation of [ 3 H]thymidine into DNA is accelerated rather than inhibited in embryos expressing DN-XChk1 (Fig. 5) . Embryos expressing luciferase or DN-XChk1 enter the MBT (5 h pf) with approximately the same content of labeled DNA. Beginning 5 h pf, control embryos double their incorporation of [ 3 H]thymidine 60 min later (6 h pf), evidence of lengthening cell cycles at the MBT. The timing of DNA replication is consistent with previous measurements (Newport and Kirschner, 1982) . In contrast, beginning at the MBT (5 h pf), embryos expressing DNXChk1 double their incorporation of [ 3 H]thymidine 30 min later (5 1/2 h pf) and then again 30 min after that (6 h pf), followed by a 60 min doubling (7 h pf).
These results most likely indicate two additional rounds of rapid DNA replication in embryos lacking XChk1 function, similar to the additional rapid syncytial cell cycles in Drosophila embryos lacking the XChk1 homolog, Grp (Fogarty et al., 1997; Sibon et al., 1997) . It is formally possible that increased [ 3 H]thymidine is incorporated into DNA by a mechanism other than replication (i.e. repair). However, Shimuta et al. (2002) observed an increased content of genomic DNA at 9 h pf in embryos expressing DNXChk1, in support of additional rounds of rapid DNA replication.
Loss of XChk1 function does/does not delay the onset of zygotic transcription
Like Grp in Drosophila (Fogarty et al., 1997; Sibon et al., 1997 ), XChk1 function is required for cell cycle lengthening at the MBT (Fig. 5) (Shimuta et al., 2002) . Loss of Grp also impairs the expression of zygotic genes (Sibon et al., 1997) . Furthermore, like the loss of XChk1, inhibition of zygotic transcription induces apoptosis in Xenopus embryos as determined by assays for DNA fragmentation (Hensey and Gautier, 1997; Sible et al., 1997) and caspase activity (Fig.  6A ). To determine whether XChk1 was also required for the initiation of zygotic transcription, embryos expressing Fig. 4 . A block to DNA replication at the MBT induces apoptosis after the MBT in Xenopus embryos. (A) Embryos were incubated in 100 mg/ml aphidicolin during the MBT (6 h pf), then were photographed when controls reached stage 9 (8 h pf) and stage 12.5 (.12 h pf). In aphidicolin-treated embryos, cell cycle arrest was observed at 8 h and embryos were dying by 12 h. (B) Albino embryos were treated with aphidicolin at the MBT (5.5 h pf) and fixed and processed along with sibling controls for TUNEL assays when morphology appeared abnormal (.12 h pf). (C) Control embryos and embryos treated with aphidicolin at the MBT (6 h pf) were snap-frozen and assayed for caspase activity when controls gastrulated (approximately 12 h pf). The migration of molecular weight standards (in kDa) is indicated on the left. XChk1 were assayed for the expression of the early zygotic gene, GS-17 (Krieg and Melton, 1985) . Northern analysis indicates that GS-17 is transcribed beginning 7 h pf in both luciferase and DN-XChk1 expressing embryos (Fig. 6B ). This pattern of GS-17 expression agrees with previous observations (Krieg and Melton, 1985; Sible et al., 1997) . Therefore, the onset of zygotic transcription does not require XChk1 function. A caspase assay confirmed that embryos expressing DN-XChk1 died by apoptosis despite normal initiation of zygotic transcription (data not shown).
Discussion
Apoptosis is frequently employed during embryonic development and by proliferating somatic tissues. Xenopus embryos possess a specific developmental window after the MBT that may compensate for the lack of cell cycle checkpoints before the MBT. Embryonic cells with unreplicated or damaged DNA or that are compromised in their ability to transcribe the zygotic genome die by a maternally programmed default pathway of apoptosis during this window of time Greenwood et al., 2001; Hensey and Gautier, 1997; Shiokawa et al., 2000; Sible et al., 1997; Stack and Newport, 1997) . Our studies indicate that this developmental program of apoptosis is also triggered when endogenous XChk1 function is inhibited (Fig. 3) or when DNA replication is blocked at the MBT (Fig. 4) .
Chk1 function also correlates inversely with apoptosis in mammalian cells. Cultured Jurkat cells treated with the Chk1 inhibitor 7-hydroxystaurospurine (UCN-01) undergo apoptosis (Wang et al., 1995) . Targeted disruption of the Chk1 gene by homologous recombination in mice results in apoptosis in blastocysts and embryonic death before day 3.5 of development (Liu et al., 2000; Takai et al., 2000) . Mouse embryos lacking ATR kinase, which functions upstream of Chk1, also demonstrate high levels of apoptosis early in development (Brown and Baltimore, 2000) . Therefore, the requirement for Chk1 function for survival of early embryos may be a universal feature of vertebrates.
The onset of apoptosis in mice lacking ATR is preceded by chromosomal fragmentation, suggesting apoptosis may be triggered by the accumulation of damaged DNA (Brown and Baltimore, 2000) . However, we have not detected evidence of DNA damage in embryos lacking XChk1 function prior to the time when they undergo apoptosis (our unpublished results). Our observations are in agreement with the fact that activated XChk1 is not normally detected until the MBT (Shimuta et al., 2002) and therefore, is unlikely to be required for early cell cycles.
Apoptosis is also triggered in embryos treated prior to the MBT with aphidicolin to block DNA replication (Fig. 4) or a-amanitin to block zygotic transcription (Fig. 6A) (Hensey and Gautier, 1997; Sible et al., 1997) . However, embryos expressing DN-XChk1 appear to replicate DNA at a normal rate until the MBT (Fig. 5) (Shimuta et al., 2002) and initiate zygotic transcription on schedule (Fig. 6) . Therefore, all measurements of early development indicate that embryos reach the MBT without defect.
At the MBT, XChk1 is activated transiently (Shimuta et al., 2002) , and loss of XChk1 perturbs several cell cycle remodeling events, including the degradation of maternal Cdc25A and tyrosine phosphorylation of Cdc2 (Shimuta et al., 2002) . The predicted effect would be a delay in the lengthening of embryonic cell cycles as in Drosophila embryos lacking Grp (Fogarty et al., 1997; Sibon et al., 1997) . This prediction is supported by increased incorporation of thymidine after the MBT in embryos impaired for XChk1 function (Fig. 5) . Although formally possible that differences in [ 3 H]thymidine incorporation were due to differences in the endogenous thymidine pool, Shimuta et al. (2002) also present evidence for accumulation of additional DNA in embryos expressing DN-XChk1.
Why do embryos lacking XChk1 die by apoptosis? One possibility is that the additional rapid rounds of DNA replication are not properly controlled resulting in damaged or improperly replicated DNA, consistent with the accumulation of chromosomal damage in mice lacking ATR (Brown and Baltimore, 2000) . However, once Xenopus embryos pass the MBT, they become quite resistant to apoptosis in response to DNA damage Hensey and Gautier, 1997) .
A second possibility is that XChk1 function is required more directly to block the apoptotic program that functions after the MBT (Hensey and Gautier, 1997; Sible et al., 1997) . Overexpression of XChk1 in early embryos inhibits both Cdc2 and Cdk2 (Kappas et al., 2000) . Cyclin A1/Cdk2, which is not normally present in early embryos, is associated with the onset of apoptosis in irradiated embryos, and exogenous cyclin A1/Cdk2 induces apoptotic-like changes in nuclear morphology in egg extracts . Therefore, XChk1 function could be required at the MBT to prevent a default program of apoptosis that requires cyclin A1/Cdk2 . Furthermore, overexpression of Cdc25A, which activates Cdk2, also induces death in embryos (Shimuta et al., 2002) . Future studies in cell-free extracts will determine whether XChk1 is necessary to prevent apoptosis triggered by a variety of assaults, even in the absence of DNA damage.
Experimental procedures
Maintenance and manipulation of embryos
All procedures were approved by the Institutional Animal Care and Use Committee of Virginia Tech. Eggs from wild-type or albino Xenopus laevis (Xenopus Express) were fertilized in vitro, dejellied in 2% cysteine, 0.1 £ MMR (0.5 mM Hepes (pH 7.8), 10 mM NaCl, 0.2 mM KCl, 0.1 mM MgSO 4 , 0.2 mM CaCl 2 , 0.01 mM EDTA), and maintained in 0.1 £ MMR. Embryos were staged according to Nieuwkoop and Faber (1975) . For some experiments, embryos were microinjected at the one-cell stage with 12 ng mRNA encoding FLAG-tagged luciferase or FLAG-tagged DN-XChk1 (Kappas et al., 2000) , and then maintained in 0.1 £ MMR containing 5% Ficoll. To block transcription, embryos were microinjected at the one-cell stage with 50 ng a-amanitin (Sigma). Control embryos were injected with an equal volume of H 2 O. To block DNA replication, embryos were incubated at the indicated times in 0.1 £ MMR containing 100 mg/ml aphidicolin (Calbiochem) and 1% DMSO. Control embryos were maintained in 0.1 £ MMR, 1% DMSO. Embryos were photographed using an Olympus SZX12 stereo microscope equipped with an Olympus DP10 digital camera. For all experiments, the beginning of the MBT (stage 8) occurred between 5 and 6 h post-fertilization (pf).
Expression of DN-XChk1 in Xenopus embryos
Generation of plasmids encoding FLAG-tagged catalytically inactive, dominant-negative XChk1 (DN-XChk1 with asparagine 135 mutationally altered to alanine) and luciferase was described previously (Kappas et al., 2000) . In these experiments, capped mRNAs were synthesized using the SP6 mMessage mMachine in vitro transcription kit (Ambion) and unless otherwise indicated, 20 ng mRNA was injected into one-cell embryos.
Immunoblotting
Immunoblotting of exogenous FLAG-tagged luciferase and DN-XChk1 was performed as described previously using a mouse monoclonal antibody against the FLAG epitope ( Kappas et al., 2000) . Immunoblotting of endogenous and exogenous XChk1 was performed with a rabbit polyclonal antibody against XChk1, as described (Kappas et al., 2000) . Immunoreactivity was detected with an HRPconjugated secondary antibody raised in donkey (Jackson Labs) and the ECL Plus (Amersham) chemiluminescence detection kit.
Assessment of nuclear morphology
Embryos were collected at the times indicated, fixed in 4% paraformaldehyde, dehydrated through an ethanol series, cleared in CitriSolv (Fisher), embedded in paraffin, sectioned 7 mm thick, deparaffinized, rehydrated, and stained with 1 mg/ml DAPI. Serial sections were viewed and photographed on an Olympus AX70 fluorescence microscope equipped with a Color View 12 digital camera.
Whole-mount TUNEL assays
Double-stranded breaks in DNA indicative of apoptosis were detected in embryos by the whole-mount TUNEL assay as described . Briefly, albino embryos were fixed, incubated with terminal deoxynucleotidyl transferase (TdT; Life Technologies) and digoxygenindUTP (Roche), washed, incubated with alkaline phosphatase-conjugated Fab fragments (Roche), washed, incubated with NBT and BCIP (Roche), and photographed when the color reaction developed.
Assays for caspase activity
Embryos were assayed for caspase activity by the cleavage of recombinant poly ADP-ribose polymerase (PARP) substrate, as modified from the protocol of Hensey and Gautier (1997) . Three embryos were collected at the times indicated, snap-frozen on dry ice, and homogenized in caspase extraction buffer (CEB: 80 mM b-glycerophosphate, 15 mM MgCl 2 , 20 mM EGTA, 10 mM DTT). Lysates were incubated with 2-5 ng/ml recombinant human PARP (Alexis Biochemicals) at 30 8C for 15 -30 min, then resolved on 7.5% Anderson SDS-polyacrylamide gels (Kappas et al., 2000) , and transferred to nitrocellulose membranes. Western analysis of PARP was performed by hybridizing membranes with anti-PARP antibody (Alexis Biochemicals) diluted 1:5000 in 10% nonfat dry milk in PBS. Immunoreactivity of proteins was visualized using horseradish peroxidase-conjugated secondary antibody (Jackson), and chemiluminescence from the secondary antibody was detected with West Dura Super Signal (Pierce).
Incorporation of [ 3 H]thymidine into DNA
To measure the effect of DN-XChk1 on DNA replication, embryos were injected at the one-cell stage as described above with mRNA encoding luciferase or DN-XChk1. At 70 min pf, embryos were transferred to Danilchik's medium (Peng, 1991) containing 5% Ficoll and 700 mCi/ml [ 3 H]thymidine (ICN, 68 Ci/mmol). At 4 h pf, embryos were transferred to 0.1 £ MMR. Ten embryos were collected at the time points indicated and snap-frozen. DNA was isolated and assayed for incorporation of 3 H into DNA as described previously (Newport and Kirschner, 1982; Sible et al., 1997) .
Northern analysis of GS17 expression
Northern analysis of GS17 expression was performed essentially as described . Total RNA was isolated from embryos with TriReagent (Molecular Research Center). A total of 20 mg of each RNA was resolved by denaturing gel electrophoresis, transferred to a 0.2 mm Nytran membrane with a TurboBlotter apparatus (Schleicher & Schuell) and then cross-linked to the membrane with a Stratagene UV cross-linker. A probe was generated by a random priming reaction using [a 32 P]dCTP and the GS17 gene (Krieg and Melton, 1985) as template.
